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Introduction
In advanced technologies, powder preparation for the synthesis of new materials is performed by mechanical activation -intensive transfer of mechanical energy to the powders, in specially constructed mills. Mechanical activation leads to controlled disorganization and destruction of a material [1] . As the reaction ability of a material is the consequence of its structure, the disorganization and destruction processes occurring during mechanical activation of powders, further influence synthesis and sintering of materials using activated powder.
Sintering is a method used most often for obtaining polycrystal materials. It is a set of complex and linked processes occurring among particles and inside particles of a disperse system during consolidation [2] . During sintering of polydisperse powders, shrinkage occurs, density increases and porosity of a disperse material decreases and at the same time partial recovery of the crystal lattice occurs. Sintering starts by formation of a contact surface between powder particles, followed by pore filling with material due to mobility of the construction elements of the crystal lattice at high temperatures. The essence of these processes is that the electronic system approaches an equilibrium state, whose ideally periodic space contains a defect structure [3] .
Magnesium titanate (MgTiO 3 ) is obtained by the sintering procedure from starting powders in the system MgCO 3 -TiO 2 , and it is a member of rutile ferroelectric ceramics. Due to good electric properties MgTiO 3 has been lately widely applied in the construction of microwave frequency resonators and antenna in filters and oscillators to be applied in communication systems, such as mobile phones, satellite systems and GPS (global positioning system) devices [4] . It is also applied in the construction of integrated circuits and actuators. Magnesium titanate also represents a base material in the construction of multilayered condensers. Sintered polycrystal magnesium titanate is applied in electronics due to its properties linked to its crystal structure, i.e. dielectric polarization [5] .
Experimental
Magnesium carbonate (MgCO 3 ) and titanium dioxide (TiO 2 ) starting powders, were measured to make a mixture with the molar ratio MgCO 3 : TiO 2 = 1 : 1 [1]. An equimolar mixture of starting powders was mechanically activated by milling in a high energy planetary mill with zirconium oxide balls (Fritsch Pulverisette 5) and ball:powder ratio of 40:1. Depending on the milling time, five mixtures were analyzed in this work (non-activated mixture and four mixtures activated for different times -15 minutes, 30 minutes, 60 minutes and 120 minutes), designated as MT-00, MT-15, MT-30, MT-60 and MT-120 respectively. Sample preparation for sintering was performed by dual pressing of powders into cylindrical samples in a hydraulic press. After preparation of samples with certain dimensions, mass and thus starting density ρ o , isothermal sintering was performed at the temperature of 1100 °C for different times (30, 60 and 180 minutes). In aid of obtaining magnesium titanate with properties defined in advance a comprehensive analysis [5, 6] from many different aspects was performed in view of determining synthesis parameters. In this work the part related to the sintering kinetics is presented.
Results and discussion

Sintering kinetics determined by phenomenological analysis
After mechanical activation samples were pressed with a pressing pressure of 400 MPa. After pressing all samples (non-activated and activated for 15, 30, 60 and 120 minutes) their starting density ρ 0 was determined based on measuring the mass and geometric parameters of the green samples, (ρ = m/V = 4m/hπD 2 ). All green samples were sintered nonisothermally until the isothermal sintering temperature was reached. They were sintered at this temperature for different times of 0, 30, 60 and 180 minutes.
Analysis of the volume change of samples before and after sintering (ΔV/V 0 ), enabled following of the sintering kinetics. As V=m/ρ, (where m -mass, ρ -density, and V -sample volume) the ΔV/V 0 ratio can be presented as: Extension of the sintering time leads to an increase in the density of sintered samples. The influence of sintering time is visible for all samples -non-activated and activated for different times. The conclusion can be reached that the duration of sintering has the smallest influence on the non-activated sample, confirming theoretical assumptions and validating introduction of mechanical activation prior to the sintering process. If the question is the influence of the duration of mechanical activation on sample density, it can be clearly noted that increase in the duration of mechanical activation increases relative changes in the density of sintered samples.
Tab. I shows functional dependencies of the relative change of sample density, where coefficient A represents a parameter defining the influence of the sintering process and it increases with the time of mechanical activation. Coefficient B represents a parameter defining the degree of densification and it also increases with the increase in activation time. Sample MT -120 after three hours of sintering at the temperature of 1100 °C has the highest density of 3.72 g/cm 3 . This attained density of a sintered sample represents 93% of the theoretical density.
Sintering Kinetics According to Gropyanov
Gropyanov (V. Gropyanov) and many other authors assumed that sintering of crystal powders with no liquid phase occurs by volume diffusion of vacancies. In his work [8] he showed that kinetics of the sintering process can be generally determined with two parameters, the boundary densification degree () and sintering rate constant (K). According to Gropyanov, the sintering kinetics can be described by the following equation:
where: (C -the densification degree; -the boundary densification degree; K -the sintering rate constant; t -the sintering time (time the densification degree is reached)).
Equation (2) can be represented as a reciprocal value:
that is a straight line y=a+bx, where: y=1/C; x=1/t; a=1/ and b=1/.
When investigating isothermal sintering, kinetics according to Gropyanov can be followed through dimensional changes, i.e. through the densification degree defined with parameter C:
where: (ρ s -the density after sintering; ρ 0 -the starting sample density; ρ t -the theoretical density).
According to Gropyanov, the sintering kinetics can be described by equation (3) , but the sintering kinetics can be followed by equation (4), so equation (5) The dependence 1/C as a function of the sintering time and activation time for the sintering temperature of 1100 °C is given in Tab. II. For all analyzed samples the presented dependencies can be characterized as linear, i.e. the obtained graphics show a linear dependence of the reciprocal value of the densification degree or Lenel's parameter (1/C) on the reciprocal value of the sintering time (1/t), as shown by equations (2) and (5). This confirms that the theory of Gropyanov can be applied to the sintering kinetics of magnesium titanate. A further analysis can be made now to determine optimal synthesis parameters and in this case these parameters are the duration of mechanical activation and the sintering time. As shown by Tab. II, only these two parameters will be followed.
Tab. II. Dependence 1/C
Determination of the linear coefficient enabled calculation of parameters C ∞ (boundary densification degree) and K (sintering rate constant), that are shown in fig. 3 .
The boundary densification degree increases with the increase in activation time and this dependence can be followed in fig. 3 , as can be the dependence of the sintering rate constant, that also increases until certain duration of mechanical activation. The boundary densification degree indicates that extending the activation time increases this parameter and this is in accordance with the results obtained from measuring the density of sintered samples. The density of sintered samples increases with the increase in the milling time. This justifies mechanical activation.
The boundary densification degree is characterized by a linear function described in equation 6: t C ⋅ + = ∞ 00416 . 0 25 . 0 (6) With the increase in activation time, t, equation (6) described the behavior of the boundary densification degree.
The parameter characterizing the sintering rate constant increases until 60 minutes of milling, and after continuing milling this sintering rate constant starts to decrease. This is the first indicator that warns that the activation time cannot be limitless. The sintering rate constant K, can be observed in two ranges. Up to 60 minutes of mechanical activation this constant increases linearly according to equation 7: K = 2 + 0,1· t ; in the interval 0 -60 minutes (7) This dependence shows an increase in the sintering rate constant with the increase of the duration of mechanical activation.
In the range over 60 minutes, the sintering rate constant decreases according to the dependence described with equation 8: K = 7,2 -0,033 · t; for the range over 60 minutes (8) The sintering rate constant after 60 minutes of grinding linearly decreases with the increase in sintering time.
One of the parameters set before synthesis of new materials is the time needed to obtain them and the corresponding invested energy. Optimal duration of mechanical activation will reduce energy consumption and thus decrease the sintering temperature and reduce the sintering time.
Conclusion
Sintering kinetics was followed by phenomenological analysis and the theory of Gropyanov. This work shows that the theory of Gropyanov can be applied to the sintering process of magnesium titanate. The boundary densification degree shows that its value increases with increase in the duration of mechanical activation and this is in accordance with the results obtained for measuring the density of sintered samples. The sintered sample density increases for increased milling times. This justifies mechanical activation. The sintering rate constant, grows until 60 minutes of milling, and after milling continues this sintering rate constant starts to decrease. This is one of the first indicators that the time of mechanical activation cannot be limitless. One of the parameters set before the synthesis of new materials is the time needed to obtain them and the corresponding energy needed. Optimal duration of mechanical activation leads to reduced energy consumption and thus to reduction of the sintering temperature and shortening of the sintering time. It can be concluded that the duration of the sintering process has the lowest influence on the nonactivated sample, confirming theoretical assumptions and justifying introduction of mechanical activation of the system. 
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